Conventional immunomagnetic separation (IMS) procedures. which use an external magnetic source to capture niagnetic particles against the side of a test tube, are labor-intensive and can have poor sensitivity for the target organism because of high background microflora that is not effectively washed away during the IMS process. This report compares the conventional IMS procedure to a new IMS procedure with an intrasolution magnetic particle transfer device, the PickPen. The IMS target for the majority of these studies is E.ceherfi'hia co/i 0157:1-17 in various types of samples, including cattle feces, hides. carcasses, and ground beef. Comparison of the two IMS methods showed a significant difference (P 0.05) in the efficiency of detecting E. co/I 0157:1-17 from cattle carcass surface, cattle hide, and cattle fecal samples. No significant improvement (P > 0.05) in E. Co/i 0157:H7 detection was observed when the PickPen IMS procedure was used to isolate this pathogen from ground beef samples. Use of the PickPen IMS greatly increases the throughput of the IMS procedure and may he more compatible with various emerging technologies for pathogen detection. fit the efficacy of sequential IMS for multiple pathogens is reported herein.
Shiga toxin-producing Esciterichia co/i 0157:1-17 is a significant foodborne pathogen that has emerged in the past two decades. E. co/i 0157:H7 infections have been linked to the consumption of undercooked meat and dairy products, contaminated fresh produce and fruit juices, as well as to exposure to contaminated farm and zoo animals and recreational water (1, 9, II, 14) . Cattle are generally considered the primary reservoir of E. co/i 01 57:H7. In several recent surveys, researchers found that over 701-/c of cattle hides may be contaminated with E. co/i 0157:H7 at the beginning of the slaughter process (2. 4 
),
The implementation of hazard analysis critical control point (HACCP) programs in meat-processing facilities has played a major role in decreasing the incidence of E. coli 0157:1-17 contamination of retail beef products and human sickness (12) . Process control and end product testing are integral parts of the HACCP programs in beef cattle processing establishments. Rapid and sensitive detection of E. co/i 0157:1-117 at various stages of processing and from a variety of meat products is a critical requirement for ensuring the safety of beef products.
Immunomagnetic separation (IMS) has significantly
Author for correspondence. improved the sensitivity of E. ('0/i 0157:1-17 detection (7, 8) . Traditionally. the IMS procedure consisted of mixing a sample volume with antibody-coated paramagnetic beads in a mierocentt'ifuge tube. Following capture of the target by the beads, a magnet was applied to the side of the tube to hold the magnetic heads in place while the liquid sample was removed from the tube. This procedure was repeated to wash the beads. Following a series of wash steps, the heads were resuspended in a small volume (approximately 100 il) of buffer and then plated onto selective or differential agar media for the detection of the bacteria of interest. While this procedure is not technically complicated. traditional IMS was a labor-intensive process and not amenable to high sample throughput. Many modifications of the standard IMS procedure have been made, including modifications in apparatus, head sizes, and washing procedures (3. 6, 10). BioNobile (Turku. Finland) has recently developed an intrasOlUtiOn magnetic particle separation device, called the PickPcn. which has primarily been used for rapidly transftrring DNA. RNA. and protein molecules linked to magnetic particles. BioControl Systems (Bellevue. Wash.) adopted this intrasolution magnetic particle separation device in their commercial E. co/i 0157:H7 Assurance GDS products. In this study, we show that the incorporation of the PickPen in the IMS process can improve the procedure by increasing sample throughput and decreasing carryover of background microflora without compromising the sensitivity. We also demonstrate an extended application of this procedure. involving sequential IMS that allows the rapid isolation of multiple target pathogens from a single sample.
MATERIALS AND METHODS
Bacterial strains. E. co/i 0157:H7 strains from the U.S. Meat Animal Research Center's Meats Research Unit strain collection were used to spike some samples as indicated in the text. The strains used in these studies (II 4AC I and 131 AC I) were isolated from beef carcasses during processing at commercial slaughter plants. The strains were grown separately overni g ht and then combined prior to spiking the samples.
Samples.
Ground beef (851 lean) was purchased from local retailers 24 to 72 Ii prior to the initiation of each experiment. Preevisceration carcass surface sponge samples were obtained root large commercial beef processing plants. The carcass surface sponge samples included samples taken both prior to and alter hot water treatments, lactic acid treatments, or both following hide removal. Hide sponge samples and fecal samples were collected from feedlot cattle restrained in a squeeze chute. Hides, feces, and carcasses were sampled as previously described (4) .
Ground heel samples and preevisceration carcass sponge samples were enriched to simulate the normal background flora that would he present in these samples. An overnight culture of E. co/i 0157:117 was serially diluted and mixed with 5 ml of the enrichment culture to compare the recover y of varying target cell levels by the two IMS methods. The spiked samples were vortexed, and the inoculated L. co/i 0157:117 cells were recovered by either the conventional IMS (C-IMS) or the IMS with the PickPen (P-JMS) procedure. Ground beef enrichments were inoculated with levels from 80 to 40.000 CFU/ml. while preevisceration Sample enrichments were inoculated with 32 to 6.400 CFU/ml. After the 5-in] aliquots were inoculated and mixed. I nil was removed for each IMS method.
Ground beef samples were also spiked prior to enrichment with various E. coli 01 57:H7 strains at low levels (I to 2 CFU/ ôS-g sample). Spiked ground beef' samples (65 g) were processed in the following groups: (i) k. co/i 0157:1117 inoculated at 2.0 CFU/65 g and then enriched in 185 in[ of buffered peptone Water (Difco, Becton Dickinson Microbiolog y Systems. Sparks. Md.) for 4 h at 37°C with shakin g , with anti-0157 Dy nabeads (I nvitrogeil Brown Deer, Wis.) used for IMS: (ii) E. co/i 0157:1-17 inoculated at 1.4 CFL/65 g and then enriched ill ml of buffered peptone water for 4 h at 37°C with shaking. with E. co/i 0157 A-Beads (Imnitech Inc., New Windsor. Md.) used for lM: and (iii) F. co/i 0157:1-17 inoculated at 1.7 CFU/65 g and then enriched in 500 ml of BAX enrichment medium (DuPont Qual icon. Wilmington. Deli for 24 Ii at 37°C without aeration, with anti-0157 Dynabeads used for I MS.
Preevisceration carcass sponge samples, hide sponge sampIes, and fecal samples (10 g) were not inoculated and were enriclied in appropriate volumes of tryptic soy broth ( Ditco. Becton Dickinson) as previously described (6).
IMS. C-IMS was performed, as previousl described (5), With enrichment cultures from different sample types. P-IMS was performed as follows: I ml from each enrichment NNas placed in individual wells in a 96-well deep well (2-nil capacit y ) microtiter plate. The microliter plate wells were preloaded with 20 p.1 of magnetic heads coated with anti-F. co/i 0157 antibody (Dual. Lake Success. N.Y., unless otherwise indicated). The heads were incubated with the cultui'e for 15 miii at room temperature with moderate ( -800 rpm) shaking on a microplate shaker. Magnetic heads were captured with an eight-channel PickPen )BioNohile) magnetic particle separation device by gently stirring the culture in an Lip-and-down corkscrew motion for 30 s. The captured heads were then washed by releasing and recapturing the heads in wells containing I ml of washing buffer (phosphate-buf'fered salineTween 20). The wash step was repeated with new washing wells. The washed heads were released in a microplate well containing 100 p.l of the washing buffer. Fifty microliters of the beads was plated on sorhitol MacConke y agar (Difco. Becton Dickinson) supplemented with cefixinie (0.05 mg/liter: Dynab and potassium tel lurite (2.5 mg/liter: Dynal ) and oil (DRG International Inc.. Mountainside. N.J.) supplemented with tell urite (I mg/liter: Sigma. St. Louis. Mo.) and novohiocin (5 mg/liter: Sigma). Characteristic colonies on both plates were identified as F. 10/i 0157 by the Oxoid Dry-Spot 0157 assay kit (Oxoid. Basingstoke. UK).
Sequential IMS for target pathogens.
To test the ability to perform sequential sequential IMS on a sample. uninoculated enrichments of cattle hide samples were used. Enrichments 2 )< I nil) were used. with I ml receiving L'. co/i heads first and then Sa/mo,ie//o: the order was reversed for the second ali(Iuot. The beads were extracted from enrichment samples with the PickPen device as described above. Next, 20 1-1.1 of either Sn/mo,ie//a or F. co/i 0157:H7 bead ,, (whichever was not previously used) was added to the enrichments, and this new set of beads was recovered with the PickPen. The recovered heads were processed for the detection of either So/oiooe//a or E. 
RESULTS AND DISCUSSION
The PickPcn device has an eight-channel design that is compatible with 96-well niicrotiter plates. In our experimerits, it typicall y takes less than 2 min to process eight samples after initial incubation of the sample aliquot with the imniunobeads. This represents a major improvement ill terms of sample throttghput for IMS. In most cases, we also observed a more consistent recovery of beads for P-IMS than for C-IMS. In C-IMS procedures, head recovery is sometimes variable. Because a stationary external magnet is used to recover the beads, there are conditions in which the heads are not sufficiently held in place by the magnet and are lost during aspiration of the enrichment culture or wash buffer. The capture of heads via an intrasolution magnetic device alleviates this problem.
Comparison of CAMS and P-IMS for the recovery of increasing concentrations of E. co/i 0157:H7 from enriched cultures. Spiked ground beef samples and preevisceration carcass sponge samples were subjected to either the C-IMS or P-IMS procedure for a comparison of E. co/i 0157: H7 recovery. Table I shows that the two methods were not different (P > 0.05) for the recovery of E. co/i 0157:H7 from the inoculated ground beef enrichments. However, when comparing the total number of carcass enrichments from which E. co/i 0157:H7 was recovered, P-IMS was better (P < 0.05). While the two methods recovered E. co/i 0157:147 from every sample when the inoculum was 320 CFU of E. co/i 0157 per nil or greater. the P-IMS method had a better recovery rate for those enrichments containing lower concentrations of E. co/i 01 57:H7.
Comparison of C-IMS and P-IMS for the recovery of E. co/i 0157:H7 from spiked ground beef. Ground beef samples were inoculated with E. co/i 0157:H7 at concentrations of I to 2 CFU/65 g. The inoculated ground beef was then enriched under different conditions, as described in "Materials and Methods...Following enrichment, the recovery efficiency of C-IMS and P-IMS from these ground beef samples was not different (P > 0.05). with E. co/i 0157:H7 being recovered from 76 and 77% of the samples for P-IMS and C-IMS, respectively (data not shown).
These experiments demonstrated that the benefit of the J. Food Piot.. Vol. 69. No. 12 use of P-IMS for the recovery of E. co/i O157:1-17 in ground beef is the increased speed of sample processing without compromising the sensitivity of detection for E. co/i 0157:147. In contrast, the isolation of L. co/i 0157:1-17 is often hindered in other types of samples, such as carcass or hide sponge samples. by the overgrowth of background niicroflora that also are able to grow on the selective and differential media used to identify the target pathogen. Efforts have been made to reduce the background growth by dilutin g starting samples (thus further reducing the volume of sample processed), addin g nonspecific binding blockers with beads of different sizes, and increasing the stringency of the washing conditions (6, 13) , but the background flora continues to make detection of target pathogens problematic.
Comparison of the performance of C-IMS and P-IMS for the recovery of E. co/i 0157:117 from uninoculated bovine-related samples. To evaluate the C-IMS and P-IMS methods for L. co/i 0157:H7 recovery under more rigorous conditions, the two methods were compared with highly contaminated samples. These samples included cattle feces and hides collected at a feedlot and carcasses obtained at commercial slaughter plants. For all three sample types. P-IMS outperformed (P < 0.05) C-IMS in detection of E. co/i 0157:H7 (Table 2 ). The C-IMS procedure resulted in the isolation of E. co/i 0157:1-17 from 8. 57. and 5 1-Ir of carcass, hide. and fecal samples. respectively. In contrast, use of the P-IMS procedure from the same samples resulted in the isolation of E. co/i 01 57:H7 froni 12. 82. and 25% of the carcass, hide, and fecal samples, respectively. While P-IMS missed I % of carcass samples that were identified as E. co/i 0157:H7 positive by C-IMS, it identified an additional 5. 25. and 20% of carcass. hide, and fecal saniples. respectively, as positive for E. co/i 0 157: H7 that were missed by the C-IMS procedure. When all three types of samples were combined, the P-IMS procedure significantly outperformed the C-IMS, as it allowed the detection of 20% of the positive samples. while C-IMS detected only 12% of the positive samples. One reason for the increased detection with P-IMS is that carryover of background niicroflora is lower, making it easier to identify the target pathogen on agar plates (Fig. I A common problem encountered in isolating E. co/i 01 57:H7 from cattle fecal samples by IMS is poor and inconsistent bead recovery (13) . Although the fecal micro- flora is expected to he very complex, the overgrowth of background flora on the plates for beads captured from enriched fecal samples, by either C-IMS or P-IMS, was rarely observed. This was most likely due to the inefficiency of head recovery from fecal samples. The head recovery efficiency was slightly improved by the P-IMS procedure, although it was still lower than that found with other types of samples. This increased head recovery is most likely Overall. P-IMS results in lower carryover of background microflora to the plating media than does C-IMS. which facilitates the identification of potentially positive colonies (Fig. I ) . Data presented here demonstrate that E. co/i 0157:1-17 detection efficiency was greatly improved by the P-JMS procedure, especially when the target samples were being isolated from enrichments containing a high background of m icroflora.
Evaluation of sequential P-IMS of multiple pathogens from the same sample. The PiekPen device removes the immunoheads from the sample. instead of removing the sample from the tube containing the beads: thus, it becomes a simple matter to use the same sample to detect the presence of multiple pathogens. Additional imniunoheads, specific for the next pathogen of interest, are added to the sample wells followin g the initial IMS. and the new beads are then incubated, washed, and recovered.
To determine if IMS for E. co/i 0157:H7 interfered with the subsequent ability to isolate Salmonella b y IMS, or vice versa, enrichment samples (1 -ml volume) were subjected to sequential IMS by the addition of 20 p.l of either E. co/i 0157:H7-or Salmonella-specific magnetic beads. The beads were extracted from enrichment samples with the PickPen device as described in "Materials and Methods. Next, 20 p.1 of Salmonella or E. co/i 0157: H7 beads (those not previously added) was added to the enrichments and again removed with the PiekPcn as described. Regardless of which pathogen-specific beads were used first, the same (P > 0.05) amount of E. co/i 0157: H7 or Salmonella was detected (Table 3) . Thus, both E. co/i 0157:H7 and Salmonella can he isolated from the same enrichment aliquot, when both are present. and the results will be independent of the order of head addition.
A successful food safety program requires rapid and efficient detection of foodhorne pathogens. For the meat indListry. E. co/i 0157:H7 is a primary concern. Despite the rapid advancement of modern technologies, such as real- Values svithi ii a column with the same letter are not different ( P '-0.05 time PCR, in the field of pathogen detection. IMS is still an indispensable tool for this task. IMS is often integrated into newly developed pathogen detection protocols and is widely applied to concentrate specific pathogens from a large volume of samples. The captured pathogens can then he detected by a variety of methodologies, from real-time PCR to simple plating on selective media. In addition, the potential that sequential IMS has for the enrichment of samples for the isolation of multiple pathogens further extends the utility and flexibility of this tool. The PickPen magnetic particle transfer device, with its 96-well microplate compatibility design, can he easily adapted for high-throughput pathogen detection and future automation. In our routine surveys of E. coIl 0157:1-17 and Salmonella prevalence in various sample types in which high-throughput IMS is essential, we have consistently observed great reductions in sample processing times when PickPen devices were used. Use of the PickPen in IMS provides these advantages: (i) high-throughput IMS.
(ii) consistent recovery of immunobeads, and (iii) lower carryover of background imcroflota.
